Human Placental Sterylsulfatase: Immunocytochemical and Biochemical Localization
Leif DIBBELT*, Volker HERZOG 5 Light microscope observations on frozen sections of term and preterm placenta revealed Sterylsulfatase immunoactivity primarily in the syncytiotrophoblast. Electron microscope observations confirmed the light microscope findings; in addition, they showed that the sulfatase is present in the endoplasmic reticulum of endothelial cells, too. In the syncytiotrophoblast, the enzyme was detectable in the cytoplasmic membrane of the nuclear evelope, in the membranes of the rough endoplasmic reticulum, in the plasma membrane with predominant localisation in coated pits, and in the membranes of endosomes and multivesicular bodies; little or no reactivity was detectable over the membranes of the Golgi complex and of lysosomes. Sterylsulfatase immunoactivity was absent in placentas with hereditary Sterylsulfatase deficiency. The observations indicate that human placental Sterylsulfatase is normally present in the membranes of compartments along the secretory pathway and the endocytic route of cells lining the fetal and maternal blood.
Homogenates of normal term placenta as well as membrane vesicle preparations obtained by extraction of trophoblast tissue with isotonic saline were fractionated by differential centrifugation; the fractions were assayed for specific activities of Sterylsulfatase and several marker enzymes of cellular topography. In agreement with our immunocytochemical findings, the results of these biochemical localisation experiments indicate the repeatedly described association of the placental Sterylsulfatase with microsomal membranes but also point to the presence of the enzyme's activity in the microvillous plasma membrane of the syncytiotrophoblast. This localisation of Sterylsulfatase may have functional implications in the placental uptake of circulating steroid sulfates. !. Among human fetal and adult tissues, the placenta is the richest source of Sterylsulfatase activity. The placental enzyme initiates estrogen synthesis by hydrolysing dehydroepiandrosterone sulfate and loa-hydroxydehydroepiandrosterone sulfate which stem mainly from the fetal but also from the maternal circulation. At term, the placenta ingests and hydrolyses up to 0.5 mmol sulfoconjugated C-19 steroids per day (about 0.05 mmol of that amount being provided by the maternal blood), aromatizes the neutral steroids released, and finally excretes the resulting phenolic steroids, mainly estriol, into the maternal compartmentl 5 -8 ].
The Sterylsulfatase resembles arylsulfatase C, a type I arylsulfatase, in many properties; both enzyme activities are highly insoluble and preferentially found in the microsomal fraction of tissue homogenates [5 ' 6i . These enzymes clearly differ, however, from the type II arylsulfatases (arylsulfatases A and B) which are soluble enzymes of lysosomal origin^.
In order to study the subcellular localization of the Sterylsulfatase in more detail, we measured the activities of this enzyme as well as those of several marker enzymes of cellular topography in membrane fractions prepared from placental homogenates and in placental microvillar plasma membrane fractions obtained separately by a rather simple procedure which, nevertheless, results in preparations highly enriched in plasma membrane marker enzyme activit -es [io,i3] while this work was in progress, similar experiments were published by others [14] . To confirm and to extend our results as well as those described in ref J 14 ', immunocytochemical studies were added. For this purpose, we solubilized the Sterylsulfatase from microsomes of human term placenta^, purified it to apparent homogeneity^1 6 ' 17^ and raised specific antisera against the enzyme^. By this means, the in situ localisation of the sulfatase was investigated by light and electron microscopy. 
Materials and Methods
For immunocytochemistry, placentas obtained from normal human term pregnancies or from therapeutic abortions within the 12th to 20th week of pregnancy were immediately processed in the cold. After removal of decidua and fetal membranes, the tissue was cut into small cubes and was washed with phosphate-buffered (10 mmol//, pH 7.4) saline (Na/Pj). In addition, tissue pieces were also taken from four placentas which had been stored prior to treatment for several weeks at -20 °C; two of them had been shown biochemically 116 ' to be deficient of Sterylsulfatase activity, the other two were normal male placentas used as controls.
For biochemical study, placentas from normal human term pregnancies obtained within 15 min after delivery were processed immediately on ice. After removal of decidua and fetal membranes, the trophoblast tissue was cut into pieces of about 10 g of weight.
Homogenates were prepared from these tissue pieces using an Ultra-Turrax mixer' 7 ' and were fractionated by differential centrifugation according to ref. ' 18 ': all pellets obtained were recentrifuged, and then resuspended in the homogenisation buffer (10 mmol//Tris/ HC1. pH 7.4, containing 250 mmol// sucrose and 5 mmol//EDTA). Microvillar plasma membrane vesicles were prepared from trophoblast pieces and were further purified by treatment with Mg 2 ® according to ref.' 10 '; the membrane pellets were resuspended in isotonic saline buffered with 10 mmol//Tris/HCl, pH 7.4. If not used instantly, all fractions were stored at -20 °C; prior to analysis, they were diluted at least five-fold with distilled water.
The preparation and properties of rabbit anti-sterylsulfatase antiserum were as described previously' 16 '. Rabbit antiserum against human placental alkaline phosphatase was purchased from Dakopatts, D-2000 Hamburg. All other immunochemicals were from Vector Laboratories, Burlingame, CA94010, U.S.A. (Vectastain ABC Kit). 3-Amino-9-ethylcarbazole and 3,3'-diaminobenzidine tetrahydrochloride were from Sigma Chemie, D-8024 Deisenhofen.
Immunohistochemistry was performed employing the avidinbiotinylated horseradish peroxidase complex technique' 19 ' according to the instructions given by the manufacturer of the Vectastain ABC Kit. For light microscope examinations, 6-μιη cryostat sections of placental tissue were mounted on gelatine-coated glass slides and fixed with acetone for 10 min at room temperature. Following a 5 min incubation in Na/Pj, the slides were rinsed in methanol containing 0.3% hydrogen peroxide for 30 min to block the endogenous peroxidase activity. The sections were further treated with diluted goat serum for 20 min followed by anti-sterylsulfatase or anti-alkaline phosphatase antiserum (diluted 1:1000 to 1:5000 with Na/Pj) for 30 min. In control experiments, antisera were replaced either by rabbit serum drawn prior to immunization or, in the case of sulfatase immunostaining, by antiserum preabsorbed with purified Sterylsulfatase (100 μξ/ml working antiserum dilution). Peroxidase staining was performed using 3-amino-9-ethylcarbazole as the chromogenic substrate. All incubations were carried out at room temperature.
For electron microscope examinations, tissue fragments of about 5 mm in diameter were fixed for 3 h in freshly prepared 2% formaldehyde (pH 7.4), washed with Na/Pj, and treated for 30 min with 5 mmol// ammonium chloride in Na/Pj followed by 10% dimethylsulfoxide in Na/Pj. All steps were performed at 8 °C. Subsequently, the fragments were rapidly frozen by dipping into melting 2-methylbutane, and 20-μ.τη sections were prepared with a cryomicrotome. These sections were processed in suspension as described above for the sections mounted on slides except that fixation with acetone was omitted and 3,3'-diaminobenzidine was used as peroxidase substrate. Finally, the sections were extensively washed in Na/Pj, postfixed in 1% unbuffered OsO4, and embedded in Epon. 50 nm thick sections were prepared by the use of diamond knives, briefly stained with lead citrate, and examined in a Siemens Elmiskop I or 102 at 80 kV.
Sterylsulfatase activity was measured as described previously' 7 ' using both 35 
Results
The immunohistochemical light microscope study of human term placenta cryostat sections revealed Sterylsulfatase immunoactivity in the syncytiotrophoblast and in some cytotrophoblast cells underneath the syncytium (Figs. 1, 2 ). Occasionally, a faint reaction was also observed in endothelial cells. The reaction was negative with control sections treated either with rabbit normal serum instead of the antiserum or with antiserum preabsorbed by purified sulfatase (not shown).The distribution of sterylsulfatase i^nmunostaining was similar to that of alkaline phosphatase except that the latter appeared to be concentrated within the apical and basal plasma membrane df the syncytiotrophoblast (not shown) whereas the sulfatase immunoactivity was dispersed over the synqytiotrophoblast sparing only the nuclei (Fig. 2) . Similar results were obtained when preterm (12th to 20th week of pregnancy) placental sections were studied (not shown). Sections taken from two sterylsulfatase-deficient placentas did not react with the anti-sterylsulfatase antiserum. Since these placentas had been stored frozen for several weeks prior to analysis, normal placentas stored for the same time intervals were also analysed. Sections from such placentas exhibited the same sterylsulfatase immunoactivity pattern as described above. Neither sterylsulfatase nor alkaline phosphatase were detectable in placental paraffin sections. Immunocytochemical electron microscope analyses of cryostat sections of human term placenta confirmed the presence of sterylsulfatase in the membranes of syncytial trophoblast cells (Figs. 3, 4a and  5 ). Minor amounts of the specific reaction product, however, were also observed in endothelial cells ( Sterylsulfatase immunostaining was observed over the membranes of the rough endoplasmic reticulum (Figs. 3b and 4) .The reactivity in the endoplasmic reticulum was also demonstrated by the presence of immunoreaction product in the perinuclear cisternas where exclusively the membrane directed towards the cytoplasm was labeled (Fig. 4) . Within the syncytiotrophoblast, reaction product was also detected at the apical and, to a lesser extent, at the basal plasma membrane and observed there primarily in coated pits at the bases of microvilli and endocytic vesicles (Fig. 5a ). Most vesicular elements close to the apical cell surface and multivesicular bodies were reactive for Sterylsulfatase (Figs. 3a, b and 5b) . Vesicles similar in size to multivesicular bodies but labeled only at the inner surface of their membranes were defined as endosomes. Their function in the endocytic process remains to be established. Only few apical vesicles were free of reaction product (Fig. 3a) . Owing to mild fixation and freezing of the tissue multiple artifacts were observed. The syncytial trophoblast was often disrupted and detached from the basement membrane which in this case usually carried small fragments of the basal cell surface of the syncytiotrophoblast. The most prominent intracellular artifacts were large distensions of the rough endoplasmic reticulum which occasionally occured as vacuolar elements with a diameter of up to one micrometer. The specificity of the immunoreaction was demonstrated by two different controls, namely the application of pre-immune serum and the reaction of antiserum with placental tissue from fetuses affected with X-linked Sterylsulfatase deficiency. In both experiments (not shown) the syncytial trophoblast was free of reaction product; placental endothelial cells showed a very low level of reactivity which clearly differed from that observed in experiments using antiserum and normal placental tissue. For biochemical study, freshly prepared homogenates of normal human term placenta were fractionated by differential centrifugation according to a frequently used scheme. When the various membrane pellets and the final supernatant obtained were tested for activities of sterylsulfatase and of several other enzymes commonly used as markers of cellular topography, the distribution of specific sterylsulfatase activity over the fractions clearly differed from those of the cytoplasmic and mitochondrial marker enzymes but closely resembled the ones of the microsomal and plasma membrane marker enzymes (Table 1) . A microvillous plasma membrane fraction was separately prepared by extraction of placental tissue with isotonic saline and was further purified by preferential aggregation of intracellular membranes with (Table 2) were obtained: 1) as compared to placental homogenate, the crude and the purified microvillous membrane fraction showed about 15-and 25-fold increased specific activities of the plasma membrane marker enzymes; 2) the specific activity of the microsomal marker enzyme was rather low in the crude microvillous membrane fraction and was even further decreased in the purified fraction; 3) with all preparations analysed, specific Sterylsulfatase activity was also low in the crude microvillous membrane fraction but, in contrast to the specific activity of the microsomal marker enzyme and in agreement with the ones of the plasma membrane marker enzymes, was slightly increased in the purified microvillous membrane fraction.
Specific Sterylsulfatase activities listed inTables 1 and 2 are those obtained with dehydroepiandrosterone sulfate as the substrate. The respective values measured with estrone sulfate as the substrate are about four-fold higher (not shown). The determination of Sterylsulfatase activity, especially in crude samples, may be influenced by the presence of other sulfatases; therefore, experimental conditions were established by others to permit the nearly independent measurement of the activity of the former enzyme 151 . When these conditions (phosphate buffer, pH 8.0) were applied in the present study, activity values obtained were reduced by about 50% (Tables 1 and 2 ). The characteristic distribution of the specific Sterylsulfatase activity throughout the various fractions, however, remained unchanged.
Discussion
Human placental Sterylsulfatase immunoactivity was studied in situ with polyclonal anti-sterylsulfatase antibodies employing immunoperoxidase labeling of the enzyme. The purity of the corresponding immunogen exceeded 95% as was proven by electrophoresis' 161 and amino-acid sequencing'
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. The specificity of the antiserum was established previously' 161 and confirmed in the present study by the absence of immunoactivity in tissue samples from placentas affected by Sterylsulfatase deficiency, a metabolic disease with a recessive X-linked mode of inheritance [24l .This finding also demonstrates that the deficiency is caused by a failure in enzyme synthesis rather than by a mutation affecting the enzyme activity.
The light microscope results indicate that human placental Sterylsulfatase is present predominantly in the syncytiotrophoblast. This finding agrees with immunofluorescence data reported previously' 251 . Other enzymes involved in the transformation of neutral steroids to phenolic estrogens had also been localized in the syncytiotrophoblast' 26 · 271 . Thus, the syncytium once again was confirmed to be the principal steroid transforming compartment in the human placenta. Besides the syncytiotrophoblast, however, low but significant amounts of Sterylsulfatase immunoactivity were also detectable by electron microscopy in endothelial cells of the placenta. Hence, the enzyme seems to be present in placental cells lining both the fetal and the maternal blood.
Electron microscope results revealed the most intense staining for Sterylsulfatase immunoactivity over the membranes of the endoplasmic reticulum including the nuclear envelope as would be anticipated for a highly insoluble microsomal type I arylsulfatase' 5 61 . Immunoactivity of the enzyme, however, was also detected in the plasma membrane, especially in coated pits, and in vesicles close to the cellular apical surface of the syncytiotrophoblast. Lysosomes were found to be devoid of Sterylsulfatase immunoactivity.Thus, the subcellular location of Sterylsulfatase differs significantly from that of type II arylsulfatases which are primarily localized in lysosomes [9] .The different sulfatase classes are therefore distinguished by their specific intracellular distribution and, consequently, by their presumed site of action. The Golgi complex also appeared to be essentially free of Sterylsulfatase immunoactivity; the sulfatase does not seem to be enriched there, although it should be processed, as a glycoprotein, in this compartment' 281 .
In a recent publication on the histochemical and immunohistochemical localization of arylsulfatase C in rat liver and kidney, this enzyme likewise was reported to be found mainly in hepatocytes and in epithelial cells of the tubuli but, although less frequently, also in endothelial cells'
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. Sterylsulfatase was also immunolocalized in endocytic pits and vesicles of cultured human fibroblasts'
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. These results are consistent with our findings in the human placenta. The particular localization of the enzyme clearly shows that it is present in membranes along the pathway of receptor-mediated endocytosis. Because the placental Sterylsulfatase was limited to the membranes of endosomes and multivesicular bodies but could not be detected in lysosomes, we conclude that the enzyme is not delivered to lysosomes but is presumably recycled back to the cell surface or transported to other cellular compartments. In order to quantify the sterylsulfatase present in the placental subcellular compartments, its activity was measured by an assay routinely applied in our laboratory using 3:> S-labeled substrates andTris/acetate, pH 7.0, as the buffer [7 l In addition, all measurements were repeated using phosphate, pH 8.0, instead of Tris in order to meet the recommendations for optimal assay conditions given, for instance, in ref. !5] . Phosphate ions as well as high pH values are known to strongly inhibit the activities of (acid) lysosomal sulfatases; these conditions, however, also impair the activity of the placental sterylsulfatase [5 * 31] . Indeed, sterylsulfatase activities determined by the modified assay were lower by about 50% than those measured with our routine assay. Nevertheless, both assays resulted in essentially the same distribution of specific sterylsulfatase activity over the various subcellular fractions. It thus appears that the determination of sterylsulfatase activity even at neutral pH and in the absence of phosphate is not affected by the presence of lysosomal sulfatases.
The results from marker enzyme analyses largely agree with data given in the literature with the only exception of the specific activity of 5'-nucleotidase which is considerably lower than values reported by others [io,i3,i4,32-34] The ^^ findingj however, may be due to the precautions taken in the present assay to prevent the unspecific cleavage of the nucleotidase substrate by other placental phosphatases [22] .The enrichment of specific activities of the plasma membrane markers alkaline phosphatase (25-fold) and 5'-nucleotidase (22-fold) in the purified microvillous membrane over their activities in the placental homogenate is comparable to the higher levels of enrichment reported by others using, in principal, the same preparative technique^1 ; it is about twofold higher than the enrichment reported for conventional preparations of plasma membranes from homogenates using density gradient centrifugation [13 ' 34 ' 35] . The small difference between the enrichment factors of alkaline phosphatase and 5'-nucleotidase may be explained by the recent finding of a soluble isoform of the latter enzyme in human placenta [32,36j . a p a rt f rom tm -s? none O f trie marker en _ zymes can be expected, of course, to be found exclusively in a unique subcellular compartment under the dynamic conditions that exist in living cells [37] .
The data presented inTables 1 and 2 are in line with a preferential association of placental sterylsulfatase with membranes of the endoplasmic reticulum. In addition, they agree with the recently made contention that at least part of the enzyme's activity is bound to the microvillous plasma membrane of the syncytiotrophoblast^. The latter conclusion is based on the following observations: 1) When the crude microvillous membrane fraction was treated with Mg 2 ® in order to aggregate and separate intracellular membranes, the resulting fraction of microvilli exhibited increased specific activities of the plasma membrane marker enzymes but a decreased specific activity of the microsomal marker enzyme as was expected 110 · 131 ; nevertheless, the microvilli fraction also exhibited an increased specific activity of sterylsulfatase. The differences between the mean values of specific enzyme activities of the crude and the purified microvillous membrane fraction, respectively, may be regarded as not to be statistically significant because the standard deviations obtained for these values were rather high. However, these standard deviations mainly reflect the largely varying enzyme activities as measured with preparations from different placentas, that is the biological variability of enzyme activities which in the case of sterylsulfatase also includes sex-related differences^; the relative error of enzyme activity determination within a single preparation of each of these fractions did not exceed 20%.
2) As was already quoted [14] , the contamination of the microvillous membrane fraction by microsomes is rather low (about 14% in ref. (14] , less than 5% (purified microvilli) in the present study as judged from specific activities of NADPH-cytochrome c reductase of both fractions). This contamination by microsomal membranes would account for less than 50% of the specific sterylsulfatase activity measured in the microvillous membrane fraction. The remaining part of the enzyme's specific activity therefore should be bound to non-microsomal membranes, most likely the microvillous plasma membrane. The biochemical results thus support the immunocytochemical observations in that they likewise point to the association of sterylsulfatase not only with the membranes of the endoplasmic reticulum but also with the microvillous plasma membrane of the syncytiotrophoblast.
It is commonly thought that mammalian sterylsulfatases hydrolyse steroidal sulfoconjugates which stem from the circulation and reach the intracellular compartment by mechanism(s) not well understood 11 "^. In agreement with this hypothesis, the sterylsulfatase of human placenta likewise was found to be located intracellularly for the major part. However, the observation of the enzyme being present not only in the membranes of the endoplasmic reticulum but also in the plasma membrane and in membraneous compartments along the endocytic pathway of at least the syncytial trophoblast suggest that it may serve further physiological function(s).Thus it may be speculated that the sulfatase is involved in the uptake of circulating steroid sulfates by the placenta: the enzyme, for instance, could hydrolyse the anionic, hydrophilic steroid sulfates either at the outer side of the microvillous plasma membrane or inside the endocytic vesicles and the lipophilic steroidal product then might easily traverse the membrane to gain access to intracellular steroid metabolizing enzymes.
Alkaline phosphatase and 5'-nucleotidase are plasma membrane-bound enzymes which likewise are assumed to be involved in cellular substrate uptake from blood (ref. [4] in ref. [36] , [38] ). Specific activities of these enzymes in the placental microvillous membrane fraction were found to be considerably higher than the specific activity of the Sterylsulfatase (Table  2 ). However, the respective value for the sulfatase (0.35 nmol dehydroepiandrosterone sulfate (DHEA-S) hydrolysed x min' 1 x mg protein" 1 ) roughly meets specific activity values calculated for sulfate or DHEA-S uptake by human placental brush border membrane vesicles in vitro (about 0.5 and 3 nmol x min' 1 x mg protein" i8] ), 10 g syncytiotrophoblast protein per placenta [40] , about 10% of them microvillous protein). Thus from both subcellular localisation and enzyme capacity it seems to be at least not unreasonable to assume a role of human placental Sterylsulfatase within the mechanism of steroid sulfate membrane transport. This hypothesis is further supported by the fact that the sulfatase activity is affected by well known anion transport inhibitors to about the same degree as is the transport of inorganic and organic anions across the plasma membrane^3 
